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Abstract

Accumulating evidence indicates that the circadian clock, a
transcriptional/translational feedback circuit that generates ~24-hour
oscillations in behavior and physiology, is a key temporal regulatory
mechanism involved in many important aspects of muscle physiology. Given
the clock as an evolutionarily-conserved time-keeping mechanism that
synchronizes internal physiology to environmental cues, locomotor activities
initiated by skeletal muscle enable entrainment to the light-dark cycles on earth,
thus ensuring organismal survival and fitness. Despite the current
understanding of the role of molecular clock in preventing age-related
sarcopenia, investigations into the underlying molecular pathways that transmit
clock signals to the maintenance of skeletal muscle growth and function are
only emerging. In the current review, the importance of the muscle clock in
maintaining muscle mass during development, repair and aging, together with
its contribution to muscle metabolism, will be discussed. Based on our current
understandings of how tissue-intrinsic muscle clock functions in the key
aspects muscle physiology, interventions targeting the myogenic-modulatory
activities of the clock circuit may offer new avenues for prevention and
treatment of muscular diseases. Studies of mechanisms underlying circadian
clock function and regulation in skeletal muscle warrant continued efforts.
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Abbreviations
SCN: Suprachiasmatic nuclei

CCGs: Clock Controlled Genes
MPCs: Myogenic Progenitor Cells

MyHc: Myosin Heavy Chain

Introduction

The circadian clock is the overt ~24-hour daily rhythm in physiol-
ogy and behavior that evolved to respond to earth’s rotation. This
evolutionarily-conserved mechanism synchronizes diverse inter-
nal biological processes with environmental timing cues to ensure
organismal adaptation, fitness and survival'~. The circadian clock
system consists of a hierarchal organization. The central clock
resides in the suprachiasmatic nuclei (SCN) of the hypothalamus
and transmits timing signals from light inputs to drive peripheral
tissue clocks'~. Nearly all tissue/cell types in the body possess
cell-autonomous clock circuits that are entrained by central clock
signals, but can be fully uncoupled through diet timing manipula-
tions such as restricted feeding'*~. In recent years, the clock sys-
tem in skeletal muscle has been recognized to play critical roles in
key aspects of skeletal muscle physiology ranging from structural
maintenance to functional regulation®”. As locomotor activity, the
essential function of skeletal muscle in all animal species is under
direct circadian clock control through sleep-wake cycles, and the
intimate interplay between clock and skeletal muscle physiology
is evolutionarily-conserved to ensure fitness and survival. It is
therefore possible that the current understandings of the intricate
interactions between circadian clock regulation and skeletal muscle
at transcriptional, functional and organismal levels are merely at
the beginning stages of our endeavor.

The tissue-intrinsic circadian clock in skeletal muscle
Most physiological processes and diurnal activities of organisms
follow distinct daily oscillations, governed via environmental cues
by the circadian time-keeping system. This hierarchal machinery is
composed of a central pacemaker in the brain’s SCN and periph-
eral clocks in nearly every tissue and cell types, driven by the cen-
tral clock pacemaker under normal physiological conditions. The
complex interplays between central and peripheral clock systems
function in concert to exert proper temporal control on various cir-
cadian physiological outputs. At the molecular level, an intricate
transcriptional-translational network of circadian clock circuit that
generates circadian rhythmicity has been well-defined, although
novel modulators of the circadian clock loop continue to emerge.
The positive and negative regulators of the molecular clock network
are reciprocally regulated through intricate transcriptional and trans-
lational feedback loops'’. Bmall (Brain and Muscle Arnt-like 1)
and CLOCK (Circadian Locomotor Output Cycles Kaput), two
transcription activators of the molecular clock, form a heterodimer
that turns on transcription of its negative regulators. These regula-
tors, Pers (Periodl, 2 and 3), Crys (Cryptochromel and 2), bind to
CLOCK-Bmall and inhibit transcriptional activation; whereas the
Rev-erbs (Rev-erbo and Rev-erbf) are direct transcriptional repres-
sors of Bmall. Notably, Bmall, the essential transcriptional activa-
tor of the molecular clock, is highly expressed in skeletal muscle
and initiates target genes transcription through binding canonical
E-box, or E’ sequences''. The transcriptional repressors, Rev-erbs,
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bind to RORE sequence and together with the activator RORo
(RAR-related orphan receptor o), generate the circadian oscillatory
control of Bmall expression. ChIP-sequencing studies in liver have
demonstrated extensive overlap of genome-wide cis-acting target
promoter sequences between Bmall and Rev-erbo/Rev-erbB'>'.
This suggests that the components of the molecular clock network
function coordinately to generate the circadian rhythmicity of
their target genes in peripheral tissues, including skeletal muscle.
Interestingly, although embryonic stem cells express clock genes,
they do not display overt circadian rhythmicity'*. The gradual
acquisition of diurnal oscillation in clock genes, such as Bmall and
DBP (D site of albumin promoter binding protein), accompanies
their cellular differentiation. This observation raises an intriguing
notion of possible coupling between cellular developmental proc-
esses with the acquirement of molecular circadian rhythms. Skeletal
muscle, the most abundant tissue in mammals that dictates physical
activity, possess self-sustaining endogenous molecular clock'.

The circadian clock network plays a prominent role in maintenance
of skeletal muscle mass, with the loss of Bmall leading to severe
sarcopenia with age'®. Numerous studies to date involving animal
models harboring specific clock gene deletions or mutations have
provided useful genetic tools to dissect the roles of the clock circuit
in skeletal muscle, as summarized in Table 1. These studies provide
strong evidence attesting the importance of circadian clock func-
tions in modulating various aspects of skeletal muscle physiology,
including muscle growth and maintenance, contractile performance,
structural organization, glucose metabolism and energy produc-
tion. A remarkable 17% of genes exhibit circadian-like oscillations
in skeletal muscle, and nearly 30% of those circadian transcripts
lose their rthythmicity in CLOCK-mutant mice'’. This indicates that
the molecular clock plays a central role in conferring appropriate
temporal regulation of clock-controlled genes (CCGs) in skeletal
muscle. MyoD1 (Myogenic Differentiation 1), a key transcriptional
regulator activated during the early stages of myoblast differentia-
tion and muscle development, has emerged as a CCG based on its
distinct circadian expression pattern in adult muscle’. Ablation of
core components of the molecular clock, CLOCK or Bmall, blunts
MyoD1 circadian expression as well as its target genes, which is
associated with disruption of myofiber sarcomeric organization
and muscle contractile function®”. Findings of similarly impaired
functional deficits in muscle specific force generation in the
CLOCK mutant and Bmall-deficient mice indicate the concerted
clock contribution to this essential skeletal muscle function®!®'*1°,
Furthermore, Perl, Per2, as well as ROR-deficient mice were found
to exhibit related pathologies in muscle structure and function,
such as muscle weakness, contractile and locomotor deficits®*—?,
further supporting the notion that the clock function is required
for skeletal muscle activities. However, so far, the mechanistic
link between clock and muscle functional regulation has not been
clearly defined.

Accumulating evidence indicates an intimate interplay between
circadian clock machinery and metabolic regulations, either at the
level of temporal control evident in many key metabolic processes
in distinct metabolic tissues, or in the maintenance of whole-body
metabolic homeostasis®' >, In skeletal muscle, a key organ for
metabolic substrate oxidation, nearly 30% of CLOCK-difterentially
regulated transcripts are involved in metabolism'’. Both Bmall
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Table 1. Summary of circadian phenotypes and muscle phenotypes observed in mice deficient in various core circadian clock

components.

Genotype
Bmal1 (whole body KO)

Bmal1 (muscle specific rescue in
whole body KO)

Bmal1 (muscle specific KO)

Bmal2 (constitutive expression
rescue in whole body Bmal1 KO)

CLOCK mutation (whole body)

Rev-erb alpha and Rev-erb beta
(whole body KO)

Per1 and Per2 (whole body KO)

Cry1 and Cry2 (whole body KO)

Circadian Phenotype

Disruption of
circadian behavior
pattern

Disruption of
rhythmic metabolic
pattern

Arrhythmic
circadian behavior
pattern

Arrhythmic
circadian behavior
pattern

Rescue of rhythmic
locomotor activity
Rescue of rhythmic
metabolic pattern

Arrhythmic
circadian behavior
pattern

Loss of rhythmic
expression of
circadian genes

Disruption of
rhythmic metabolic
pattern

Short circadian
period length
Arrhythmic
locomotion in
constant darkness

Disruption of
rhythmic metabolic
pattern

Muscle Phenotype

Reference
Accelerated aging and reduced life span 6-8,16,19
Reduced body weight
Reduction in muscle fiber diameter
Fiber-type shift
Decrease in number of mitochondria
Impaired mitochondrial respiration
Altered sarcomeric structure
Impaired muscle regeneration
Reduction in insulin sensitivity
Decrease in glucose oxidation rate
Improved life span 19

Rescued normal body weight

Rescued normal activity levels

Impaired insulin-dependent glucose uptake 69,70
Reduction in glucose oxidation in skeletal
muscle

Downregulation of genes involved in

glucose utilization

Upregulation of genes involved in lipid
metabolism

Shift from a fast to slow fiber-type gene
expression

Substrate shift from carbohydrate to lipid
utilization, indicative of a more oxidative

muscle

Rescue of low body weight 78
Rescue of rhythmic metabolism

Reduction in muscle force 6,79
Decrease in exercise tolerance
Disorganized myofilaments

Decrease in number of mitochondria
Abnormal mitochondria

Possible muscle insulin resistance
Impaired muscle maintenance and
myogenic differentiation

Lower exercise capacities and impaired
exercise endurance

Impaired mitochondrial function and
oxidative capacity

Disruption of balance between
carbohydrate and lipid metabolism

Induction of muscle autophagy

9,22,45,73,80

Lower running endurance 20,21
Reduced forced locomotor performance

Increased dependence on glycolytic

anabolic metabolism

No alteration in skeletal muscle contractile

function

Glucose intolerant 77
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Genotype Circadian Phenotype

ROR (whole body deletion e Slightly longer

mutation) circadian period
length

e Disruption of

rhythmic metabolic
pattern

Dec2/SHARP-1 (overexpression) e Altered sleep
patterns

DBP (whole body KO) e Shorter circadian

period length
e Less active

and Rev-erbo deficiency in mice alters mitochondrial morphology,
content or oxidative function®”’.

So far however, as the majorities of studies of clock function in
skeletal muscle are confined to the use to whole-body global
ablation models, central clock contribution or secondary effects
from other tissues may confound certain findings. Future studies
are required to interrogate functions of the intrinsic muscle clock
independently of central clock regulation imparted on muscle
function. In addition, specific temporal controls conferred by the
intrinsic muscle clock may differ in distinct cell types and may be
specific to developmental stages. Therefore, there is an urgent need
to critically assess the full-range of roles of the intrinsic muscle
clock in muscle through developmental stage-selective and tissue
or muscle cell type-restricted genetic models.

Clock modulation of muscle growth, repair and mass
maintenance

The first indication that the clock is involved in skeletal muscle main-
tenance comes from the dramatic phenotype of aging-associated
sarcopenia found in Bmall-null mice'®. At 40-weeks of age, the
genetic loss of Bmall led to a reduction of nearly half of the nor-
mal muscle weight with dramatically shortened life span, suggest-
ing a premature aging phenotype in these mice. Interestingly, the
lower muscle mass manifests as early as in 8-weeks old mice, when
satellite cells are at the peak of their proliferative capacity’. The
maintenance of muscle mass encompasses two distinct contribu-
tions, one involving myonuclear accretion due to myogenic pro-
genitor proliferation and maturation in early postnatal growth, and
mature myofiber hypertrophy in adult stage’. Thus, these findings
collectively suggest that the marked reduction of muscle weight in
adult Bmall-null mice may result from the combination of a devel-
opmental defect and impaired hypertrophic growth. Furthermore,
specific rescue of Bmall expression in skeletal muscle was able
to prolong survival of Bmall-null animals, whereas brain-specific
rescue was not sufficient'”, highlighting that the muscle-intrinsic
clock is critical for maintaining proper ambulatory activity that is
essential for survival. Miller et al. have demonstrated that Bmall is
required for various aspects essential for proper muscle perform-
ance including sarcomeric structure, mitochondrial morphology
and muscle contractile activities®, which could be the structural
and functional impairments underlying the severe premature aging-
like muscle defects observed in Bmall-deficient animals. Further
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Muscle Phenotype Reference
*  Muscle weakness when young 75,76
» Difficulties in locomotion
* Inhibits myogenic differentiation 46,47
e Accelerated aging and shorter life span 81,82

* Prone to epilepsy

detailed investigations into the molecular pathways mediating these
profound clock effects in skeletal muscle are warranted, particularly
in the absence of central clock dysfunction. An intriguing finding is
the substantial similarity observed between the sarcomeric disorgan-
ization of the Bmall-null and the CLOCK mutant mice with that of
the MyoD-null mutants®. The underlying mechanism linking clock
with muscle structure/function regulation could be attributed to the
direct transcriptional activation of the Bmall/CLOCK complex of
the identified MyoD1 enhancer element, although non-consensus
E-box sequences are involved*”’. In vivo, enhanced expression of
the myogenic regulatory factors MyoD1 and myogenin was detected
during dark hours, although this diurnal rhythm is strongly sup-
pressed by fasting®. During embryonic development, MyoD1, toge-
ther with Myf5, specifies the myotome and drives myogenesis”*.
Thus, this identified specific link of molecular clock with MyoD1
transcription raises an intriguing question as to whether the mus-
cle intrinsic clock participates in muscle development processes
or myogenesis. Remarkably, on a genome-wide scale, survey-
ing of CLOCK-controlled mRNA expression in the skeletal
muscle reveals that growth, proliferation and differentiation proc-
esses comprise a significant 15% of the overall transcripts®. In
agreement with this finding, work from our group demonstrated
that Bmall is a key positive regulator to promote myogenic
differentiation’, and its regulation of proliferative behavior and
expansion of myogenic progenitor cells is required for tissue regen-
eration upon injury®. As an evolutionarily-conserved machinery
to anticipate and adapt to environmental cues, circadian clock has
been implicated in transcriptional control of developmental sign-
aling pathways important for stem cell modulation during tissue
remodeling processes’ . The clock may provide critical temporal
cues to orchestrate the highly ordered stem cell activation, prolifer-
ation and differentiation processes required for tissue development,
physiological turnover or regenerative repair. The distinct develop-
mental signals required for tissue homeostasis may reflect its spe-
cific developmental and functional needs. In skeletal muscle, we
found Bmall exerts circadian time-dependent transcriptional con-
trol on key components of the canonical Wnt signaling pathway™.
When tested in muscle injury-elicited regeneration models, includ-
ing cardiotoxin-induced and freezing injury, mice lacking Bmall
displayed a significant defect in regenerative myogenic response
accompanied by attenuated repair®. Furthermore, the satellite cell
expansion process, a major component to ensure proper regenera-
tion, is also impaired due to reduced proliferative capacity. This is
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likely attributed to Bmall regulation of Wnt signaling, since loss of
Bmall leads to blunted Wnt signaling as observed in Bmall-null
mice muscle regeneration”®. Wnt signaling drives embryonic devel-
opment of the skeletal muscle lineage*, and plays important roles
in modulating adult muscle satellite cell functions®-*. Our original
findings provide strong evidence for the cell-autonomous roles
of molecular clock in myogenic progenitor cells (MPCs), which
provide the major cellular source for muscle growth and repair.
This mechanism likely mediates, at least in part, the demonstrated
importance of clock function in muscle mass maintenance, particu-
larly during the early postnatal development. Muscle homeostasis
and remodeling requires contribution from muscle satellite cells,
and their proliferative capacity declines with age. Thus, whether the
sarcopenia observed in Bmall-null mice that resemble early aging
could be mediated at least in part by declining clock function in
the muscle warrants further investigation. In contrast, as satellite
cells are largely not required or necessary for adult skeletal muscle
hypertrophic growth”, another possibility is that clock may func-
tion in hypertrophic signaling pathways in mature myofibers to con-
tribute to adult muscle mass regulation. These questions could be
addressed by muscle developmental-stage specific animal models
using currently available genetic tools.

Although the major body of research to date has been focused on
the role of Bmall as a clock transcription activator, cytosolic Bmall
was recently identified as a factor facilitating protein translation
that links the circadian network and the mMTOR (Mechanistic Target
of Rapamycin) signaling pathway’*. Most intriguingly, the Bmall-
mediated mTOR circadian modulation of translation activities is
controlled by daily oscillatory magnesium levels in cells*. These
recent findings raise the possibility that Bmall and the clock could
directly participate in muscle hypertrophic pathways via post-
transcriptional mechanisms. mTOR signaling, activated by upstream
growth factors and PI3 kinase-Akt phosphorylation, is a major
regulatory mechanism that promotes protein synthesis to induce
skeletal muscle hypertrophy***’. In addition, PI3K-Akt-mTOR
signaling suppresses muscle atrophy*’*'. Interestingly, multiple
components of the Akt/mTOR signaling pathway are reported to
be under circadian regulation. Circadian patterns of expression were
detected for Aktl and ribosomal protein S6 of the hypertrophic
signaling, and MuRF1 and Fbxo32 within the atrophic pathway in
skeletal muscle’. Notably, the circadian profile of Aktl phospho-
rylation, an indicator of in vivo activity, persists at fasting despite
lower levels than ad-libitum feeding, indicating an endogenous
rhythm independent of food signals. However, as feeding cycle
is dominant zeitgeber for peripheral clocks such as the muscle,
there are strong interplays between circadian oscillatory patterns
and feeding-fasting switch.

The skeletal muscle phenotypes found in genetic models of addi-
tional clock genes further support the notion that the molecular
clock as a regulatory circuit exerts profound influence on skeletal
muscle mass and function. Both the clock repressor, Rev-erbo, and
its reciprocal transcription activator RORo. on the RORE respon-
sive element have been implicated in the regulation of myogenic
differentiation*>*’. Whereas the constitutive expression of domi-
nant negative Rev-erbo. promotes myogenic progression*”*, myo-
genic differentiation and myogenic pathways gene expression are
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suppressed by muscle-specific expression of a truncated RORa
mutant®”. Importantly, the loss of Rev-erbo deficient mice was
found to display lower body weight and altered myosin heavy chain
(MyHC) isoform expression with a fast-to-slow MyHC isoform
transformation in skeletal muscle, suggesting its involvement in
muscle mass maintenance and metabolic control*. The findings of
opposing actions of Rev-erbor vs. RORo on myogenic pathways,
as well as the opposite effects of clock repressor Rev-erbo. vs.
activator Bmall on myogenesis, strongly suggest orchestration of
circadian clock gene functions in regulation of myogenic precur-
sor development. Currently, the molecular mechanisms mediating
Rev-erbo vs. RORo actions on myogenesis has not been addressed.
Furthermore, based on the significantly increased muscle mass
demonstrated in the mPer2-null mice, a potential negative effect
of the Bmall/CLOCK inhibitory regulator, Period 2 (Per2), on
muscle growth has been suggested’'. Per2 functions in the myo-
genic cascade remain to be seen. Surprisingly, mPer2 and mPerl
functions in the skeletal muscle are distinct, as the altered muscle
mass and metabolic pathways are only evident in the mPer2-null
mice but not mPer1-deficient animals. Another transcription inhibi-
tor of CLOCK/Bmall function, the basic helix-loop-helix factor
Dec2/Sharpl, can suppress myogenic differentiation through its
inhibitory interaction with MyoD"**’.

Taken together, studies of mice harboring genetic mutations of
clock genes to date have clearly established a strong link between
the molecular clock circuit as a whole and maintenance of skel-
etal muscle development, growth and potentially hypertrophy.
Further studies will be needed to address whether other types of
clock disruptions, such as those induced by the dys-synchrony
between environmental lighting cycle with endogenous circadian
clock cycles, may influence muscle growth and remodeling proc-
ess. In our post-industrial society, the so-called “social jetlag”,
referring to the discordance between our activity/sleep cycle
vs. clock cycles, may contribute to the development of certain
type of muscle diseases, particularly in the aging population with
frequent sleep disorders”. The concerted regulatory functions
of the muscle intrinsic clock machinery in maintaining skeletal
muscle mass may be important mechanisms to protect against
muscle loss in aging-associated or chronic disease-induced
muscle wasting conditions. Investigations of underlying molecu-
lar pathways mediating clock function in muscle may, therefore,
reveal novel therapeutic targets for muscle disease treatment.

Clock regulation of skeletal muscle structure and
function

A major output of circadian clock in animals is its tight control of
locomotor activity cycles. As an evolutionarily-conserved mecha-
nism that enables entrainment to the light-dark cycles on earth, the
strict behavioral circadian rhythmicity of animals ensures their sur-
vival and fitness. Thus, it is not surprising that it has long been rec-
ognized that in humans, skeletal muscle torque, strength and power
are higher in the late afternoon, between 16:00 and 18:00 hours
than compared to the morning*~>**. Major indexes of athletic
performance abilities, such as muscle strength, reaction time and
flexibilities, display significant time-of-the day dependence’*.
Knee extensor muscles exhibit a typical diurnal pattern in maxi-
mal isometric strength measured in male athletes, which peaks at
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mid-to-late afternoon period (16:00-20:00 hours)*®. Interestingly,
partial sleep deprivation was found to have a detrimental effect on
the power output of muscle performances, although this effect may
depend on the time of the day of the measurements or the onset tim-
ing and duration of the sleep disruption’’*. These findings suggest
potentially intimate interplay between clock control, either central
or muscle-intrinsic, and physical activity. Most importantly, under
various experimental settings, increase in activity level, such as
exercise, has been shown to entrain core clock genes and CCGs
in humans® as well as in equine skeletal muscle®’. Resistance
exercise is capable of shifting expression of diurnally-regulated
genes in human skeletal muscle by inducing genes that are nor-
mally repressed, while down-regulating genes that are highly
expressed™. On the other hand, loss of muscle activity by unilat-
eral sciatic nerve denervation leads to marked atrophy, and reduces
the expression of many core clock genes, including Bmall, Perl,
RORo and Rev-erbol in mouse skeletal muscle®'. Notably, activity
cycles can impact the central clock rhythm. Restricted wheel access
in mice, which enforces inverse activity cycles, significantly delays
re-entrainment to normal light/dark rhythm®’. Together, these stud-
ies suggest that physical activity in animals could function as a
strong clock entrainment signal, particularly for the skeletal mus-
cle clock. Thus a potential feedback regulatory relationship exists
between the circadian clock network and muscle function.

The skeletal muscle circadian transcriptome was first reported
by Miller et al., based on analysis of gene expression from mus-
cle collected every 4 hours over two circadian cycles'’. In skeletal
muscle, proteins involved in the regulation of gene transcription
are abundant, representing ~17% of rhythmic genes in muscle'’.
This indicates that many essential functions and physiological
processes in skeletal muscle are influenced by the transcriptional
output of the clock. Interestingly, a high proportion of cycling tran-
scripts peak midway through the dark phase in mice, coinciding
with the peak period of physical activity and feeding in nocturnal
species. Particularly, a single large cluster of rhythmic genes dis-
plays peak expression at Circadian Time 18 (CT18) of the mid-
point of the active phase for mice, even under constant darkness'’.
However, how much of these processes require central or skeletal
muscle-specific molecular clock function has not yet been fully
established. Based on the observation that resistance exercise can
directly affect expression of key clock components and downstream
targets in human skeletal muscle™, the peak expression of rhyth-
mic transcripts in muscle could be attributed to the orchestration
of the endogenous muscle clock control and central clock-induced
locomotor activity rhythm. Interestingly, although repeated exer-
cise can induce phase-shift of the clock in skeletal muscle, the
SCN rhythms are not affected”. Thus, locomotor activity may
phase-coordinate the intrinsic rhythmic expression of genes in
skeletal muscle with central clock-controlled sleep/wake cycles
under normal physiological conditions. These findings together
indicate intimate interplays between muscle physical activity and
the molecular clock machinery in skeletal muscle, although the
underlying mechanistic links, particularly how activity-stimulated
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signals in muscle is transmitted to clock resetting, phase or ampli-
tude modulation, remain to be elucidated.

Clock participation in muscle metabolism

The molecular clock machinery governs the temporal control in
metabolic processes”. Disruption of this regulatory mechanism
profoundly altered metabolic homeostasis leading to the develop-
ment of obesity and insulin resistance®~’. Skeletal muscle com-
prises approximately 40% of the body mass of most mammals, and
functions as a major site for glucose disposal and lipid oxidation.
Skeletal muscles account for approximately 85% of postprandial
insulin-mediated glucose disposal, and changes in muscle function
contribute to insulin resistance and metabolic syndromes®. Thus,
given its prominent role in temporal control of metabolism, the
cell-intrinsic clock machinery in skeletal muscle could be critical
for whole-body metabolic homeostasis. There is increasing interest
in understanding how the endogenous circadian clock functions to
modulate muscle metabolism.

The role of the endogenous skeletal muscle molecular clock in
regulating muscle metabolic functions and whole body metabolic
homeostasis has emerged recently'”*’’. Initial studies of differ-
entially-regulated genes in CLOCK mutants studies indicate that
a remarkable ~35% percentage of rhythmic genes in muscle are
involved in metabolism'’. Further, analysis of circadian metabolic
genes revealed a temporal separation of genes involved in
substrate utilization vs. storage over a daily period, suggesting a
clock-controlled orchestration of distinct catabolic and anabolic
metabolic pathways in skeletal muscle’.

To address the contribution of skeletal muscle to whole body
circadian energy homeostasis, skeletal muscle-specific Bmall
deletion was created to test the function of Bmall in skeletal mus-
cle glucose metabolism®’’. Muscle-specific deletions of Bmall,
either constitutively or through inducible-Cre lines, cause impaired
insulin-dependent glucose uptake and reduced glucose oxidation
in skeletal muscle®. While canonical insulin signaling pathway is
not affected, the level of GLUT4 glucose transporter responsible
for glucose uptake was significantly lower. It is interesting that
these defects in glucose utilization do not lead to overt changes in
insulin sensitivity, possibly due to compensatory mechanisms in
other tissues. Applying a global gene expression profiling approach
in an inducible mouse model of Bmall ablation in muscle, a later
study revealed significantly altered expression of genes involved
in metabolic substrate oxidation”. Significant down-regulation of
circadian genes involved in glucose utilization were observed,
along with significant up-regulation of genes involved in lipid
metabolism. This gene expression profile suggests muscle fiber
type switch to a slow oxidative fiber-type consistent with a sub-
strate shift from carbohydrate to lipid utilization, although the
precise fiber type distribution in fast or slow muscle fibers were not
assessed’’. Thus, two independent studies suggest that the endog-
enous molecular clock may coordinate skeletal muscle metabolic
substrate utilization with metabolite availability occurring during
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fasting-feeding transitions balance, which could play a significant
role in whole-body energy partitioning between tissues to maintain
metabolic homeostasis'’.

The circadian clock repressor gene, Rev-erbo., is known to play
important roles in metabolic regulations’' . In skeletal muscle,
Rev-erba. was found to be highly expressed in oxidative fiber
types, and promotes skeletal muscle oxidative capacity through
inhibition of mitochondria autophagy and abundance’. A previ-
ous study indicated that there was significant fast-to-slow MyHC
isoform transformation in Rev-erbo-deficient mice, albeit only in
soleus muscle®”. Most importantly, as a ligand-dependent nuclear
receptor, Rev-erbo. is amenable to synthetic ligand modula-
tions. Synthetic agonists of Rev-erba, display potent anti-obesity
and lipid lowering efficacy in mice’. Notably, the activation of
Rev-erbo. by synthetic agonists induces fatty acid oxidation
pathways while suppresses lipid synthesis genes in skeletal muscle,
likely a significant contributor to its lipid-lowering effects in vivo.
In contrast, the exercise endurance of Rev-erbo-deficient mice is
reduced, likely a result of lower mitochondrial function in muscle;
whereas the activation of Rev-erbal by an agonist improves endur-
ance capacity’. Additional studies of Rev-erbo-deficiency on meta-
bolic homeostasis reveal mild hyperglycemia and increased fatty
acid utilization, indicating that Rev-erbo. may promote the prefer-
ential use of glucose at the expense of peripheral lipid utilization’.
These studies establish a foundation to further explore the mechanis-
tic basis of Rev-erba as a “druggable” target for metabolic diseases,
and the potential of modulating the tissue clock circuit as thera-
peutic strategies. On the other hand, in muscle cells, the dominant
negative mutant of RORa, the transcriptional activator of RORE-
harboring promoters antagonistic to Rev-erbo., inhibits expression
of many genes involved in lipid homeostasis, including carnitine
palmitoyltransferase-1 for fatty acid oxidation”. Given that the glo-
bal loss in the staggerer mice leads to reduced muscle strength and
hypo-o-lipoproteinemia’, the in vivo effects of RORa inhibition
in muscle metabolism remains to be seen. In line with findings of
the molecular clock regulation in glucose metabolic homeostasis,
the loss of Cryl and Cry?2 in mice induces systemic glucose intol-
erance, although whether this defect is a result of altered muscle
glucose disposal needs further detailed studies’”.
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Taken together, current findings indicate that the clock machinery
in skeletal muscle plays a significant role in orchestrating metabolic
substrate metabolism. As feeding signals are strong clock entrain-
ment cues, whether clock functions as a temporal mechanism to
adapt to feeding-fasting induced metabolic substrate switching
remains to be studied. Future investigation into the molecular
mechanisms linking clock and muscle metabolic substrate flux
may yield novel targets for disease treatment including obesity and
diabetes.

Conclusion

The circadian clock plays key roles in critical aspects of skeletal
muscle physiology. Thus, it is imperative to dissect the precise
underlying mechanisms involved in these multifaceted interactions.
Studies of the intimate interplays of the tissue-intrinsic clock with
growth, hypertrophy, activity and metabolism in skeletal muscle
would provide a wealth of novel targets for disease prevention
or treatment. Particularly, given the importance of the circadian
clock network in muscle mass maintenance, interventions target-
ing myogenic-modulatory activities of the clock circuit may offer
new avenues for the prevention and treatment of muscular diseases,
particularly those associated with circadian dysregulation.

Author contributions
Both SC and KM conceived and wrote the article, and approved the
final version.

Competing interests
No competing interests were disclosed.

Grant information

This project is supported by grants from the American Heart
Association 12SDG12080076, American Diabetes Association
1-13-BS-118, and Muscular Dystrophy Association 381294
to K. M.

The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

1. Dibner C, Schibler U, Albrecht U: The mammalian circadian timing system:
organization and coordination of central and peripheral clocks. Annu Rev
Physiol. 2010; 72: 517-549.

PubMed Abstract | Publisher Full Text

2. Reppert SM, Weaver DR: Coordination of circadian timing in mammals. Nature.
2002; 418(6901): 935-941.

PubMed Abstract | Publisher Full Text

3. Schibler U, Sassone-Corsi P: A web of circadian pacemakers. Cell. 2002; 111(7):
919-922.

PubMed Abstract | Publisher Full Text

4. Damiola F, Le Minh N, Preitner N, et al.: Restricted feeding uncouples

circadian oscillators in peripheral tissues from the central pacemaker in the
suprachiasmatic nucleus. Genes Dev. 2000; 14(23): 2950-2961.
PubMed Abstract | Publisher Full Text | Free Full Text

5. Le Minh N, Damiola F, Tronche F, et al.: Glucocorticoid hormones inhibit food-
induced phase-shifting of peripheral circadian oscillators. EMBO J. 2001;
20(24): 7128-7136.
PubMed Abstract | Publisher Full Text | Free Full Text

6. Andrews JL, Zhang X, McCarthy JJ, et al.: CLOCK and BMAL1 regulate MyoD
and are necessary for maintenance of skeletal muscle phenotype and
function. Proc Nat/ Acad Sci U S A. 2010; 107(44): 19090-19095.
PubMed Abstract | Publisher Full Text | Free Full Text

Page 7 of 12


http://www.ncbi.nlm.nih.gov/pubmed/20148687
http://dx.doi.org/10.1146/annurev-physiol-021909-135821
http://www.ncbi.nlm.nih.gov/pubmed/12198538
http://dx.doi.org/10.1038/nature00965
http://www.ncbi.nlm.nih.gov/pubmed/12507418
http://dx.doi.org/10.1016/S0092-8674(02)01225-4
http://www.ncbi.nlm.nih.gov/pubmed/11114885
http://dx.doi.org/10.1101/gad.183500
http://www.ncbi.nlm.nih.gov/pmc/articles/317100
http://www.ncbi.nlm.nih.gov/pubmed/11742989
http://dx.doi.org/10.1093/emboj/20.24.7128
http://www.ncbi.nlm.nih.gov/pmc/articles/125339
http://www.ncbi.nlm.nih.gov/pubmed/20956306
http://dx.doi.org/10.1073/pnas.1014523107
http://www.ncbi.nlm.nih.gov/pmc/articles/2973897

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Chatterjee S, Nam D, Guo B, et al.: Brain and muscle Arnt-like 1 is a key
regulator of myogenesis. J Cell Sci. 2013; 126(Pt 10): 2213-2224.
PubMed Abstract | Publisher Full Text | Free Full Text

Chatterjee S, Yin H, Nam D, et al.: Brain and muscle Arnt-like 1 promotes
skeletal muscle regeneration through satellite cell expansion. Exp Cell Res.
2015; 331(1): 200-210.

PubMed Abstract | Publisher Full Text

Woldt E, Sebti Y, Solt LA, et al.: Rev-erb-o. modulates skeletal muscle oxidative
capacity by regulating mitochondrial biogenesis and autophagy. Nat Med.
2013; 19(8): 1039-1046.

PubMed Abstract | Publisher Full Text | Free Full Text

Bass J, Takahashi JS: Circadian integration of metabolism and energetics.
Science. 2010; 330(6009): 1349-1354.

PubMed Abstract | Publisher Full Text | Free Full Text

Goodman CA, Frey JW, Mabrey DM, et al.: The role of skeletal muscle mTOR in
the regulation of mechanical load-induced growth. J Physiol. 2011; 589(Pt 22):
5485-5501.

PubMed Abstract | Publisher Full Text | Free Full Text

Koike N, Yoo SH, Huang HC, et al.: Transcriptional architecture and chromatin
landscape of the core circadian clock in mammals. Science. 2012; 338(6105):
349-354.

PubMed Abstract | Publisher Full Text | Free Full Text

Solt LA, Wang Y, Banerjee S, et al.: Regulation of circadian behaviour and
metabolism by synthetic REV-ERB agonists. Nature. 2012; 485(7396): 62—68.
PubMed Abstract | Publisher Full Text | Free Full Text

Yagita K, Horie K, Koinuma S, et al.: Development of the circadian oscillator
during differentiation of mouse embryonic stem cells in vitro. Proc Natl Acad
Sci U S A.2010; 107(8): 3846-3851.

PubMed Abstract | Publisher Full Text | Free Full Text

Wolff G, Esser KA: Scheduled exercise phase shifts the circadian clock in
skeletal muscle. Med Sci Sports Exerc. 2012; 44(9): 1663—-1670.
PubMed Abstract | Publisher Full Text | Free Full Text

Kondratov RV, Kondratova AA, Gorbacheva VY, et al.: Early aging and age-
related pathologies in mice deficient in BMAL1, the core componentof the
circadian clock. Genes Dev. 2006; 20(14): 1868-1873.

PubMed Abstract | Publisher Full Text | Free Full Text

Miller BH, McDearmon EL, Panda S, et al.: Circadian and CLOCK-controlled
regulation of the mouse transcriptome and cell proliferation. Proc Nat/ Acad
Sci U S A. 2007; 104(9): 3342-3347.

PubMed Abstract | Publisher Full Text | Free Full Text

Bunger MK, Wilsbacher LD, Moran SM, et al.: Mop3 is an essential component of
the master circadian pacemaker in mammals. Cell. 2000; 103(7): 1009-1017.
PubMed Abstract | Publisher Full Text | Free Full Text

McDearmon EL, Patel KN, Ko CH, et al.: Dissecting the functions of the
mammalian clock protein BMAL1 by tissue-specific rescue in mice. Science.
2006; 314(5803): 1304—1308.

PubMed Abstract | Publisher Full Text | Free Full Text

Zheng B, Larkin DW, Albrecht U, et al.: The mPer2 gene encodes a functional
component of the mammalian circadian clock. Nature. 1999; 400(6740): 169—173.
PubMed Abstract | Publisher Full Text

Bae K, Lee K, Seo Y, et al.: Differential effects of two period genes on the
physiology and proteomic profiles of mouse anterior tibialis muscles. Mo/
Cells. 2006; 22(3): 275-284.

PubMed Abstract

Zhang Y, Fang B, Emmett MJ, et al.: GENE REGULATION. Discrete functions
of nuclear receptor Rev-erbo. couple metabolism to the clock. Science. 2015;
348(6242): 1488-1492.

PubMed Abstract | Publisher Full Text | Free Full Text

Guo B, Chatterjee S, Li L, et al.: The clock gene, brain and muscle Arnt-like 1,
regulates adipogenesis via Wnt signaling pathway. FASEB J. 2012; 26(8):
3453-3463.

PubMed Abstract | Publisher Full Text

Panda S, Antoch MP, Miller BH, et al.: Coordinated transcription of key
pathways in the mouse by the circadian clock. Cell. 2002; 109(3): 307-320.
PubMed Abstract | Publisher Full Text

Rudic RD, McNamara P, Curtis AM, et al.: BMAL1 and CLOCK, two essential
components of the circadian clock, are involved in glucose homeostasis.
PLoS Biol. 2004; 2(11): 377.

PubMed Abstract | Publisher Full Text | Free Full Text

Schiaffino S, Dyar KA, Ciciliot S, et al.: Mechanisms regulating skeletal muscle
growth and atrophy. FEBS J. 2013; 280(17): 4294—-4314.

PubMed Abstract | Publisher Full Text

Zhang X, Patel SP, McCarthy JJ, et al.: A non-canonical E-box within the MyoD
core enhancer is necessary for circadian expression in skeletal muscle.
Nucleic Acids Res. 2012; 40(8): 3419-3430.

PubMed Abstract | Publisher Full Text | Free Full Text

Shavlakadze T, Anwari T, Soffe Z, et al.: Impact of fasting on the rhythmic
expression of myogenic and metabolic factors in skeletal muscle of adult
mice. Am J Physiol Cell Physiol. 2013; 305(1): C26-35.

PubMed Abstract | Publisher Full Text

Rudnicki MA, Schnegelsberg PN, Stead RH, et al.: MyoD or Myf-5 is required for
the formation of skeletal muscle. Cell. 1993; 75(7): 1351—1359.
PubMed Abstract | Publisher Full Text

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

F1000Research 2016, 5:1549 Last updated: 01 AUG 2016

Buckingham M: Myogenic progenitor cells and skeletal myogenesis in
vertebrates. Curr Opin Genet Dev. 2006; 16(5): 525-532.

PubMed Abstract | Publisher Full Text

Janich P, Pascual G, Merlos-Sudrez A, et al.: The circadian molecular clock
creates epidermal stem cell heterogeneity. Nature. 2011; 480(7376): 209-214.
PubMed Abstract | Publisher Full Text

Karpowicz P, Zhang Y, Hogenesch JB, et al.: The circadian clock gates the
intestinal stem cell regenerative state. Cell Rep. 2013; 3(4): 996-1004.
PubMed Abstract | Publisher Full Text | Free Full Text

Plikus MV, Vollmers C, de la Cruz D, et al.: Local circadian clock gates cell cycle
progression of transient amplifying cells during regenerative hair cycling.
Proc Natl Acad Sci U S A. 2013; 110(23): E2106-2115.

PubMed Abstract | Publisher Full Text | Free Full Text

Cossu G, Borello U: Wnt signaling and the activation of myogenesis in
mammals. EMBO J. 1999; 18(24): 6867—6872.
PubMed Abstract | Publisher Full Text | Free Full Text

Bentzinger CF, Wang YX, von Maltzahn J, et al.: Fibronectin regulates Wnt7a
signaling and satellite cell expansion. Cell stem cell. 2013; 12(1): 75-87.
PubMed Abstract | Publisher Full Text | Free Full Text

Le Grand F, Jones AE, Seale V, et al.: Wnt7a activates the planar cell polarity
pathway to drive the symmetric expansion of satellite stem cells. Cell stem cell.
2009; 4(6): 535-547.

PubMed Abstract | Publisher Full Text | Free Full Text

McCarthy JJ, Mula J, Miyazaki M, et al.: Effective fiber hypertrophy in satellite
cell-depleted skeletal muscle. Development. 2011; 138(17): 3657—-3666.

PubMed Abstract | Publisher Full Text | Free Full Text

Lipton JO, Yuan ED, Boyle LM, et al.: The Circadian Protein BMAL1 Regulates
Translation in Response to S6K1-Mediated Phosphorylation. Cell. 2015; 161(5):
1138-1151.

PubMed Abstract | Publisher Full Text | Free Full Text

Feeney KA, Hansen LL, Putker M, et al.: Daily magnesium fluxes regulate
cellular timekeeping and energy balance. Nature. 2016; 532(7599): 375-379.
PubMed Abstract | Publisher Full Text | Free Full Text

Latres E, Amini AR, Amini AA, et al.: Insulin-like growth factor-1 (IGF-1) inversely
regulates atrophy-induced genes via the phosphatidylinositol 3-kinase/Akt/
mammalian target of rapamycin (PI3K/Akt/mTOR) pathway. J Biol Chem. 2005;
280(4): 2737-2744.

PubMed Abstract | Publisher Full Text

Bentzinger CF, Lin S, Romanino K, et al.: Differential response of skeletal
muscles to mTORC1 signaling during atrophy and hypertrophy. Skelet Muscle.
2013; 3(1): 6.

PubMed Abstract | Publisher Full Text | Free Full Text

Burke L, Downes M, Carozzi A, et al.: Transcriptional repression by the orphan
steroid receptor RVR/Rev-erb beta is dependent on the signature motif and
helix 5 in the E region: functional evidence for a biological role of RVR in
myogenesis. Nucleic Acids Res. 1996; 24(18): 3481-3489.

PubMed Abstract | Publisher Full Text | Free Full Text

Raichur S, Fitzsimmons RL, Myers SA, et al.: Identification and validation of

the pathways and functions regulated by the orphan nuclear receptor, ROR
alphat, in skeletal muscle. Nucleic Acids Res. 2010; 38(13): 4296-4312.
PubMed Abstract | Publisher Full Text | Free Full Text

Lau P, Bailey P, Dowhan DH, et al.: Exogenous expression of a dominant
negative RORalpha1 vector in muscle cells impairs differentiation: RORalpha1l
directly interacts with p300 and myoD. Nucleic Acids Res. 1999; 27(2): 411-420.
PubMed Abstract | Publisher Full Text | Free Full Text

Pircher P, Chomez P, Yu F, et al.: Aberrant expression of myosin isoforms in
skeletal muscles from mice lacking the rev-erbAalpha orphan receptor gene.
Am J Physiol Regul Integr Comp Physiol. 2005; 288(2): R482—-490.

PubMed Abstract | Publisher Full Text

Azmi S, Ozog A, Taneja R: Sharp-1/DEC2 inhibits skeletal muscle differentiation
through repression of myogenic transcription factors. J Biol Chem. 2004;
279(50): 52643-52652.

PubMed Abstract | Publisher Full Text

Ling BM, Gopinadhan S, Kok WK, et al.: G9a mediates Sharp-1-dependent
inhibition of skeletal muscle differentiation. Mol Biol Cell. 2012; 23(24):
4778-4785.

PubMed Abstract | Publisher Full Text | Free Full Text

Roenneberg T, Allebrandt KV, Merrow M, et al.: Social jetlag and obesity.
Curr Biol. 2012; 22(10): 939-943.
PubMed Abstract | Publisher Full Text

Deschenes MR, Sharma JV, Brittingham KT, et al.: Chronobiological effects on
exercise performance and selected physiological responses. Eur J Appl Physiol
Occup Physiol. 1998; 77(3): 249-256.

PubMed Abstract | Publisher Full Text

Gauthier A, Davenne D, Martin A, et al.: Time of day effects on isometric and
isokinetic torque developed during elbow flexion in humans. Eur J Appl Physiol.
2001; 84(3): 249-252.

PubMed Abstract | Publisher Full Text

Nicolas A, Gauthier A, Bessot N, et al.: Time-of-day effects on myoelectric and
mechanical properties of muscle during maximal and prolonged isokinetic
exercise. Chronobiol Int. 2005; 22(6): 997-1011.

PubMed Abstract | Publisher Full Text

Pearson SJ, Onambele GN: Influence of time of day on tendon compliance and

Page 8 of 12


http://www.ncbi.nlm.nih.gov/pubmed/23525013
http://dx.doi.org/10.1242/jcs.120519
http://www.ncbi.nlm.nih.gov/pmc/articles/3672937
http://www.ncbi.nlm.nih.gov/pubmed/25218946
http://dx.doi.org/10.1016/j.yexcr.2014.08.041
http://www.ncbi.nlm.nih.gov/pubmed/23852339
http://dx.doi.org/10.1038/nm.3213
http://www.ncbi.nlm.nih.gov/pmc/articles/3737409
http://www.ncbi.nlm.nih.gov/pubmed/21127246
http://dx.doi.org/10.1126/science.1195027
http://www.ncbi.nlm.nih.gov/pmc/articles/3756146
http://www.ncbi.nlm.nih.gov/pubmed/21946849
http://dx.doi.org/10.1113/jphysiol.2011.218255
http://www.ncbi.nlm.nih.gov/pmc/articles/3240886
http://www.ncbi.nlm.nih.gov/pubmed/22936566
http://dx.doi.org/10.1126/science.1226339
http://www.ncbi.nlm.nih.gov/pmc/articles/3694775
http://www.ncbi.nlm.nih.gov/pubmed/22460951
http://dx.doi.org/10.1038/nature11030
http://www.ncbi.nlm.nih.gov/pmc/articles/3343186
http://www.ncbi.nlm.nih.gov/pubmed/20133594
http://dx.doi.org/10.1073/pnas.0913256107
http://www.ncbi.nlm.nih.gov/pmc/articles/2840478
http://www.ncbi.nlm.nih.gov/pubmed/22460470
http://dx.doi.org/10.1249/MSS.0b013e318255cf4c
http://www.ncbi.nlm.nih.gov/pmc/articles/3414645
http://www.ncbi.nlm.nih.gov/pubmed/16847346
http://dx.doi.org/10.1101/gad.1432206
http://www.ncbi.nlm.nih.gov/pmc/articles/1522083
http://www.ncbi.nlm.nih.gov/pubmed/17360649
http://dx.doi.org/10.1073/pnas.0611724104
http://www.ncbi.nlm.nih.gov/pmc/articles/1802006
http://www.ncbi.nlm.nih.gov/pubmed/11163178
http://dx.doi.org/10.1016/S0092-8674(00)00205-1
http://www.ncbi.nlm.nih.gov/pmc/articles/3779439
http://www.ncbi.nlm.nih.gov/pubmed/17124323
http://dx.doi.org/10.1126/science.1132430
http://www.ncbi.nlm.nih.gov/pmc/articles/3756687
http://www.ncbi.nlm.nih.gov/pubmed/10408444
http://dx.doi.org/10.1038/22118
http://www.ncbi.nlm.nih.gov/pubmed/17202855
http://www.ncbi.nlm.nih.gov/pubmed/26044300
http://dx.doi.org/10.1126/science.aab3021
http://www.ncbi.nlm.nih.gov/pmc/articles/4613749
http://www.ncbi.nlm.nih.gov/pubmed/22611086
http://dx.doi.org/10.1096/fj.12-205781
http://www.ncbi.nlm.nih.gov/pubmed/12015981
http://dx.doi.org/10.1016/S0092-8674(02)00722-5
http://www.ncbi.nlm.nih.gov/pubmed/15523558
http://dx.doi.org/10.1371/journal.pbio.0020377
http://www.ncbi.nlm.nih.gov/pmc/articles/524471
http://www.ncbi.nlm.nih.gov/pubmed/23517348
http://dx.doi.org/10.1111/febs.12253
http://www.ncbi.nlm.nih.gov/pubmed/22210883
http://dx.doi.org/10.1093/nar/gkr1297
http://www.ncbi.nlm.nih.gov/pmc/articles/3333858
http://www.ncbi.nlm.nih.gov/pubmed/23596176
http://dx.doi.org/10.1152/ajpcell.00027.2013
http://www.ncbi.nlm.nih.gov/pubmed/8269513
http://dx.doi.org/10.1016/0092-8674(93)90621-V
http://www.ncbi.nlm.nih.gov/pubmed/16930987
http://dx.doi.org/10.1016/j.gde.2006.08.008
http://www.ncbi.nlm.nih.gov/pubmed/22080954
http://dx.doi.org/10.1038/nature10649
http://www.ncbi.nlm.nih.gov/pubmed/23583176
http://dx.doi.org/10.1016/j.celrep.2013.03.016
http://www.ncbi.nlm.nih.gov/pmc/articles/3982394
http://www.ncbi.nlm.nih.gov/pubmed/23690597
http://dx.doi.org/10.1073/pnas.1215935110
http://www.ncbi.nlm.nih.gov/pmc/articles/3677499
http://www.ncbi.nlm.nih.gov/pubmed/10601008
http://dx.doi.org/10.1093/emboj/18.24.6867
http://www.ncbi.nlm.nih.gov/pmc/articles/1171749
http://www.ncbi.nlm.nih.gov/pubmed/23290138
http://dx.doi.org/10.1016/j.stem.2012.09.015
http://www.ncbi.nlm.nih.gov/pmc/articles/3539137
http://www.ncbi.nlm.nih.gov/pubmed/19497282
http://dx.doi.org/10.1016/j.stem.2009.03.013
http://www.ncbi.nlm.nih.gov/pmc/articles/2743383
http://www.ncbi.nlm.nih.gov/pubmed/21828094
http://dx.doi.org/10.1242/dev.068858
http://www.ncbi.nlm.nih.gov/pmc/articles/3152923
http://www.ncbi.nlm.nih.gov/pubmed/25981667
http://dx.doi.org/10.1016/j.cell.2015.04.002
http://www.ncbi.nlm.nih.gov/pmc/articles/4447213
http://www.ncbi.nlm.nih.gov/pubmed/27074515
http://dx.doi.org/10.1038/nature17407
http://www.ncbi.nlm.nih.gov/pmc/articles/4886825
http://www.ncbi.nlm.nih.gov/pubmed/15550386
http://dx.doi.org/10.1074/jbc.M407517200
http://www.ncbi.nlm.nih.gov/pubmed/23497627
http://dx.doi.org/10.1186/2044-5040-3-6
http://www.ncbi.nlm.nih.gov/pmc/articles/3622636
http://www.ncbi.nlm.nih.gov/pubmed/8836172
http://dx.doi.org/10.1093/nar/24.18.3481
http://www.ncbi.nlm.nih.gov/pmc/articles/146133
http://www.ncbi.nlm.nih.gov/pubmed/20338882
http://dx.doi.org/10.1093/nar/gkq180
http://www.ncbi.nlm.nih.gov/pmc/articles/2910057
http://www.ncbi.nlm.nih.gov/pubmed/9862959
http://dx.doi.org/10.1093/nar/27.2.411
http://www.ncbi.nlm.nih.gov/pmc/articles/148194
http://www.ncbi.nlm.nih.gov/pubmed/15374821
http://dx.doi.org/10.1152/ajpregu.00690.2003
http://www.ncbi.nlm.nih.gov/pubmed/15448136
http://dx.doi.org/10.1074/jbc.M409188200
http://www.ncbi.nlm.nih.gov/pubmed/23087213
http://dx.doi.org/10.1091/mbc.E12-04-0311
http://www.ncbi.nlm.nih.gov/pmc/articles/3521685
http://www.ncbi.nlm.nih.gov/pubmed/22578422
http://dx.doi.org/10.1016/j.cub.2012.03.038
http://www.ncbi.nlm.nih.gov/pubmed/9535586
http://dx.doi.org/10.1007/s004210050329
http://www.ncbi.nlm.nih.gov/pubmed/11320645
http://dx.doi.org/10.1007/s004210170014
http://www.ncbi.nlm.nih.gov/pubmed/16393704
http://dx.doi.org/10.1080/07420520500397892

58.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

estimations of voluntary activation levels. Muscle Nerve. 2006; 33(6): 792-800.
PubMed Abstract | Publisher Full Text

Sedliak M, Finni T, Cheng S, et al.: Diurnal variation in maximal and submaximal
strength, power and neural activation of leg extensors in men: multiple
sampling across two consecutive days. Int J Sports Med. 2008; 29(3): 217-224.
PubMed Abstract | Publisher Full Text

Reilly T, Waterhouse J: Sports performance: is there evidence that the body
clock plays a role? Eur J Appl Physiol. 2009; 106(3): 321-332.
PubMed Abstract | Publisher Full Text

Drust B, Waterhouse J, Atkinson G, et al.: Circadian rhythms in sports
performance--an update. Chronobiol Int. 2005; 22(1): 21-44.
PubMed Abstract | Publisher Full Text

Sedliak M, Finni T, Cheng S, et al.: Effect of time-of-day-specific strength
training on serum hormone concentrations and isometric strength in men.
Chronobiol Int. 2007; 24(6): 1159-1177.

PubMed Abstract | Publisher Full Text

Souissi N, Sesbolé B, Gauthier A, et al.: Effects of one night’s sleep deprivation
on anaerobic performance the following day. Eur J Appl Physiol. 2003; 89(3-4):
359-366.

PubMed Abstract | Publisher Full Text

Bambaeichi E, Reilly T, Cable NT, et al.: Influence of time of day and partial
sleep loss on muscle strength in eumenorrheic females. Ergonomics. 2005;
48(11-14): 1499-1511.

PubMed Abstract | Publisher Full Text

Zambon AC, McDearmon EL, Salomonis N, et al.: Time- and exercise-dependent
gene regulation in human skeletal muscle. Genome Biol. 2003; 4(10): R61.
PubMed Abstract | Publisher Full Text | Free Full Text

Murphy BA, Wagner AL, McGlynn OF, et al.: Exercise influences circadian gene
expression in equine skeletal muscle. Vet J. 2014; 201(1): 39-45.

PubMed Abstract | Publisher Full Text

Nakao R, Yamamoto S, Horikawa K, et al.: Atypical expression of circadian
clock genes in denervated mouse skeletal muscle. Chronobiol Int. 2015; 32(4):
486-496.

PubMed Abstract | Publisher Full Text

Castillo C, Molyneux P, Carlson R, et al.: Restricted wheel access following a
light cycle inversion slows re-entrainment without internal desynchrony as
measured in Per2'“ mice. Neuroscience. 2011; 182: 169-176.

PubMed Abstract | Publisher Full Text

Karatsoreos IN, Bhagat S, Bloss EB, et al.: Disruption of circadian clocks has
ramifications for metabolism, brain, and behavior. Proc Natl Acad Sci U S A.
2011; 108(4): 1657-1662.

PubMed Abstract | Publisher Full Text | Free Full Text

Pan A, Schernhammer ES, Sun Q, et al.: Rotating night shift work and risk of
type 2 diabetes: two prospective cohort studies in women. PLoS Med. 2011;
8(12): €1001141.

PubMed Abstract | Publisher Full Text | Free Full Text

Parkes KR: Shift work and age as interactive predictors of body mass index
among offshore workers. Scand J Work Environ Health. 2002; 28(1): 64—71.
PubMed Abstract | Publisher Full Text

Scheer FA, Hilton MF, Mantzoros CS, et al.: Adverse metabolic and

cardiovascular consequences of circadian misalignment. Proc Natl Acad Sci U S A.

2009; 106(11): 4453-4458.
PubMed Abstract | Publisher Full Text | Free Full Text
Turek FW, Joshu C, Kohsaka A, et al.: Obesity and metabolic syndrome in

circadian Clock mutant mice. Science. 2005; 308(5724): 1043—-1045.
PubMed Abstract | Publisher Full Text | Free Full Text

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

F1000Research 2016, 5:1549 Last updated: 01 AUG 2016

DeFronzo RA, Tripathy D: Skeletal muscle insulin resistance is the primary
defect in type 2 diabetes. Diabetes Care. 2009; 32(Suppl 2): S157-163.
PubMed Abstract | Publisher Full Text | Free Full Text

Dyar KA, Ciciliot S, Wright LE, et al.: Muscle insulin sensitivity and glucose
metabolism are controlled by the intrinsic muscle clock. Mol Metab. 2013; 3(1):
29-41.

PubMed Abstract | Publisher Full Text | Free Full Text

Hodge BA, Wen Y, Riley LA, et al.: The endogenous molecular clock
orchestrates the temporal separation of substrate metabolism in skeletal
muscle. Skelet Muscle. 2015; 5: 17.

PubMed Abstract | Publisher Full Text | Free Full Text

Duez H, Staels B: The nuclear receptors Rev-erbs and RORs integrate circadian
rhythms and metabolism. Diab Vasc Dis Res. 2008; 5(2): 82—88.
PubMed Abstract | Publisher Full Text

Yin L, Wu N, Lazar MA: Nuclear receptor Rev-erbalpha: a heme receptor that
coordinates circadian rhythm and metabolism. Nuc/ Recept Signal. 2010; 8: e001.
PubMed Abstract | Publisher Full Text | Free Full Text

Delezie J, Dumont S, Dardente H, et al.: The nuclear receptor REV-ERBo. is
required for the daily balance of carbohydrate and lipid metabolism. FASEB J.
2012; 26(8): 3321-3335.

PubMed Abstract | Publisher Full Text

Cho H, Zhao X, Hatori M, et al.: Regulation of circadian behaviour and
metabolism by REV-ERB-0, and REV-ERB-f. Nature. 2012; 485(7396): 123—-127.
PubMed Abstract | Publisher Full Text | Free Full Text

Lau P, Nixon SJ, Parton RG, et al.: RORalpha regulates the expression of genes
involved in lipid homeostasis in skeletal cells: caveolin-3 and CPT-1
are direct targets of ROR. J Biol Chem. 2004; 279(35): 36828-36840.

PubMed Abstract | Publisher Full Text

Steinmayr M, André E, Conquet F, et al.: staggerer phenotype in retinoid-related
orphan receptor alpha-deficient mice. Proc Natl Acad Sci U S A. 1998; 95(7):
3960-3965.

PubMed Abstract | Publisher Full Text | Free Full Text

Lamia KA, Sachdeva UM, DiTacchio L, et al.: AMPK regulates the circadian clock
by cryptochrome phosphorylation and degradation. Science. 2009; 326(5951):
437-440.

PubMed Abstract | Publisher Full Text | Free Full Text

Shi S, Hida A, McGuinness OP, et al.: Circadian clock gene Bmal1 is not
essential; functional replacement with its paralog, Bmal2. Curr Biol. 2010; 20(4):
316-321.

PubMed Abstract | Publisher Full Text | Free Full Text

Kennaway DJ, Owens JA, Voultsios A, et al.: Metabolic homeostasis in mice with
disrupted Clock gene expression in peripheral tissues. Am J Physiol Regul
Integr Comp Physiol. 2007; 293(4): R1528—-1537.

PubMed Abstract | Publisher Full Text

Bugge A, Feng D, Everett LJ, et al.: Rev-erbo. and Rev-erb} coordinately protect
the circadian clock and normal metabolic function. Genes Dev. 2012; 26(7):
657-667.

PubMed Abstract | Publisher Full Text | Free Full Text

Gachon F, Olela FF, Schaad O, et al.: The circadian PAR-domain basic leucine
zipper transcription factors DBP, TEF, and HLF modulate basal and inducible
xenobiotic detoxification. Cell Metab. 2006; 4(1): 25-36.

PubMed Abstract | Publisher Full Text

Franken P, Lopez-Molina L, Marcacci L, et al.: The transcription factor DBP
affects circadian sleep consolidation and rhythmic EEG activity. J Neurosci.
2000; 20(2): 617-625.

PubMed Abstract

Page 9 of 12


http://www.ncbi.nlm.nih.gov/pubmed/16523507
http://dx.doi.org/10.1002/mus.20529
http://www.ncbi.nlm.nih.gov/pubmed/17614012
http://dx.doi.org/10.1055/s-2007-965125
http://www.ncbi.nlm.nih.gov/pubmed/19418063
http://dx.doi.org/10.1007/s00421-009-1066-x
http://www.ncbi.nlm.nih.gov/pubmed/15865319
http://dx.doi.org/10.1081/CBI-200041039
http://www.ncbi.nlm.nih.gov/pubmed/18075805
http://dx.doi.org/10.1080/07420520701800686
http://www.ncbi.nlm.nih.gov/pubmed/12736846
http://dx.doi.org/10.1007/s00421-003-0793-7
http://www.ncbi.nlm.nih.gov/pubmed/16338716
http://dx.doi.org/10.1080/00140130500101437
http://www.ncbi.nlm.nih.gov/pubmed/14519196
http://dx.doi.org/10.1186/gb-2003-4-10-r61
http://www.ncbi.nlm.nih.gov/pmc/articles/328450
http://www.ncbi.nlm.nih.gov/pubmed/24888677
http://dx.doi.org/10.1016/j.tvjl.2014.03.028
http://www.ncbi.nlm.nih.gov/pubmed/25798696
http://dx.doi.org/10.3109/07420528.2014.1003350
http://www.ncbi.nlm.nih.gov/pubmed/21392557
http://dx.doi.org/10.1016/j.neuroscience.2011.02.003
http://www.ncbi.nlm.nih.gov/pubmed/21220317
http://dx.doi.org/10.1073/pnas.1018375108
http://www.ncbi.nlm.nih.gov/pmc/articles/3029753
http://www.ncbi.nlm.nih.gov/pubmed/22162955
http://dx.doi.org/ 10.1371/journal.pmed.1001141
http://www.ncbi.nlm.nih.gov/pmc/articles/3232220
http://www.ncbi.nlm.nih.gov/pubmed/11871855
http://dx.doi.org/10.5271/sjweh.648
http://www.ncbi.nlm.nih.gov/pubmed/19255424
http://dx.doi.org/10.1073/pnas.0808180106
http://www.ncbi.nlm.nih.gov/pmc/articles/2657421
http://www.ncbi.nlm.nih.gov/pubmed/15845877
http://dx.doi.org/10.1126/science.1108750
http://www.ncbi.nlm.nih.gov/pmc/articles/3764501
http://www.ncbi.nlm.nih.gov/pubmed/19875544
http://dx.doi.org/10.2337/dc09-S302
http://www.ncbi.nlm.nih.gov/pmc/articles/2811436
http://www.ncbi.nlm.nih.gov/pubmed/24567902
http://dx.doi.org/10.1016/j.molmet.2013.10.005
http://www.ncbi.nlm.nih.gov/pmc/articles/3929910
http://www.ncbi.nlm.nih.gov/pubmed/26000164
http://dx.doi.org/10.1186/s13395-015-0039-5
http://www.ncbi.nlm.nih.gov/pmc/articles/4440511
http://www.ncbi.nlm.nih.gov/pubmed/18537094
http://dx.doi.org/10.3132/dvdr.2008.0014
http://www.ncbi.nlm.nih.gov/pubmed/20414452
http://dx.doi.org/10.1621/nrs.08001
http://www.ncbi.nlm.nih.gov/pmc/articles/2858265
http://www.ncbi.nlm.nih.gov/pubmed/22562834
http://dx.doi.org/10.1096/fj.12-208751
http://www.ncbi.nlm.nih.gov/pubmed/22460952
http://dx.doi.org/10.1038/nature11048
http://www.ncbi.nlm.nih.gov/pmc/articles/3367514
http://www.ncbi.nlm.nih.gov/pubmed/15199055
http://dx.doi.org/10.1074/jbc.M404927200
http://www.ncbi.nlm.nih.gov/pubmed/9520475
http://dx.doi.org/10.1073/pnas.95.7.3960
http://www.ncbi.nlm.nih.gov/pmc/articles/19945
http://www.ncbi.nlm.nih.gov/pubmed/19833968
http://dx.doi.org/10.1126/science.1172156
http://www.ncbi.nlm.nih.gov/pmc/articles/2819106
http://www.ncbi.nlm.nih.gov/pubmed/20153195
http://dx.doi.org/10.1016/j.cub.2009.12.034
http://www.ncbi.nlm.nih.gov/pmc/articles/2907674
http://www.ncbi.nlm.nih.gov/pubmed/17686888
http://dx.doi.org/10.1152/ajpregu.00018.2007
http://www.ncbi.nlm.nih.gov/pubmed/22474260
http://dx.doi.org/10.1101/gad.186858.112
http://www.ncbi.nlm.nih.gov/pmc/articles/3323877
http://www.ncbi.nlm.nih.gov/pubmed/16814730
http://dx.doi.org/10.1016/j.cmet.2006.04.015
http://www.ncbi.nlm.nih.gov/pubmed/10632591

FIOOOResearch F1000Research 2016, 5:1549 Last updated: 01 AUG 2016

Open Peer Review

Current Referee Status: l_ J [_ J [_ J

Referee Report 01 August 2016

doi:10.5256/f1000research.9768.r15134

4

Henrik Oster
Chronophysiology Group, Medical Department |, University of Libeck, Libeck, Germany

This is an interesting review paper summarising the current knowledge about the role of the circadian
clock in skeletal muscle development and function.

| have few comments which might help to improve the paper:

1. Intro: last two sentences are difficult to understand. "As locomotor activity..." this is not a complete
sentence /"It is therefore possible..." - consider shortening. Is your main point to say that there is
still a lot to do?

2. Chapter "The tissue-intrinsic circadian clock in skeletal muscle"

- Daily oscillations are not GOVERNED by outside rhythms; consider ENTRAINED
- Peripheral clocks are not DRIVEN by the SCN; consider COORDINATED/RESET.
3. Carefully check spelling of genes and proteins, in particular capitalisations

4. Consider discussing the role of metabolic feedback on SM clock regulation and function.

I have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.

Competing Interests: No competing interests were disclosed.
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The review article summarizes the current understanding about the molecular circadian network for its
role in muscle development and muscle biology. This topic is relatively new but will have significant
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implications in exercise, metabolism and aging. The manuscript is well-written and easy to read. | fully
support its indexation in its current format.

| have a few minor suggestions to help further strengthen the manuscript:

1. Itis expected that myocyte-specific molecular clock controls the diurnal expression of key genes
that are important for muscle function, such as MyoD. It is less known whether molecular circadian
clock within myocytes could directly control the key signalling pathways of muscle metabolism. It
would be great if the authors could elaborate on this topic.

2. The question regarding the regulation of muscle circadian clock is missing in the current
manuscript. Do we know anything about hormonal or nutritional dependent regulation of muscle
circadian clock? Does muscle circadian clock change during obesity, diabetes and the aging
process? These knowledge will enhance the readability of this manuscript.

I have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.

Competing Interests: No competing interests were disclosed.
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Department of Pharmacology and Toxicology, Vascular Biology Center, Medical College of Georgia,
Augusta University, Augusta, GA, USA

Abstract

Given the clock as IS an evolutionarily-conserved time-keeping mechanism that synchronizes internal
physiology to environmental cues, locomotor activities initiated by skeletal muscle enable entrainment to
the light-dark cycles on earth, thus ensuring organismal survival and fitness.

The statement locomotor activities initiated by skeletal muscle is a tenuous statement. Locomotor
activities are most likely secondary to central clock function, as was shown in the McDearmon article
which showed that muscle specific rescue did not restore locomotor rhythm.

Introduction

As locomotor activity, the essential function of skeletal muscle in all animal species is under direct
circadian clock control through sleep-wake cycles, and the intimate interplay between clock and skeletal
muscle physiology is evolutionarily-conserved to ensure fitness and survival.

Run on sentence

The tissue-intrinsic circadian clock in skeletal muscle

This hierarchal machinery is composed of a central pacemaker in the brain’s SCN and peripheral clocks
in nearly every tissue and cell types, driven by the central clock pacemaker under normal physiological

conditions. (repetitive as mentioned in first paragraph)

...... the brain’s SCN and peripheral clocks in nearly every tissue and cell types
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cell type
repetition of ‘intricate’

Accumulating evidence indicates an intimate interplay between circadian clock machinery and metabolic
regulations, either at the level of temporal control evident in many key metabolic processes in distinct
metabolic tissues, or in the maintenance of whole-body metabolic homeostasis

Overuse of ‘metabolic’ and metabolic regulations should be regulation

Clock modulation of muscle growth, repair and mass maintenance
as early as in 8-weeks old mice

8 week
prolong survival of Bmal1-null animals, whereas brain-specific rescue was not sufficient
brain rescue improved survival to 75% in the length of the experiment, saying not sufficient overstated.

Despite discussion of implications to skeletal muscle disorders, specific links to which skeletal muscle
diseases may be implicated are lacking.

| have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.

Competing Interests: No competing interests were disclosed.
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